The effects of chemical kinetics and thermal boundary conditions on the stable combustion within a subscale rocket combustor are studied through large-eddy simulations. The combustor considered in the present study is a single element, shear coaxial, GOX/GCH4 subscale rig, which is hosted at the Technische Universität München (TUM). We employ finite-rate kinetics within LES, where we consider three different chemical kinetics with varying level of complexity and two different thermal boundary conditions on the combustion chamber wall to analyze their effects on the features of the reacting flow. Analysis of the instantaneous and time-averaged results indicate that while the effect of chemical kinetics is noticeable due to differences in the predicted value of products temperature, which affects the flow and flame features, the effect of thermal boundary conditions only show marginal differences in the predicted turbulence statistics. Quantitative comparison of the predicted wall pressure and wall heat flux with the experimental data showed that while normalized pressure variation agrees reasonably well, the heat flux is under-predicted in all the cases, which can be attributed to a relatively coarse near-wall grid resolution with no wall model for turbulence and require further investigations.
I. Introduction
The design of liquid rocket engines is dictated by several requirements such as a stable combustion, low operating cost, low emission characteristics and high-performance throughput under a wide range of operating conditions. Therefore, the elements of theses engines such as the type of propellant, injector design, thermal conditions of the combustion chamber wall etc., play an important role on the overall performance of the device. Rocket engines that employ liquid oxygen (LOX)/hydrocarbon as propellant are increasingly becoming popular as they tend to satisfy most of the aforementioned requirements in comparison to the engines that employ cryogenic propellants. 1 In such engines, LOX/methane (CH 4 ) is considered as a more appropriate option due to its high specific energy density, specific impulse and better overall performance. transport process and the heat-transfer characteristics under different operating conditions is very relevant for design improvement of rocket engines. In this study, we characterize the effects of finite-rate kinetics and thermal boundary conditions on the reacting flow features within a subscale rocket combustor.
Both experimental and numerical methods face several challenges in their ability to investigate physical and chemical mechanisms occurring within a combustion chamber under high-pressure conditions. For example, experimental measurements become very challenging under the operating conditions of a liquid rocket engine and therefore, the measurements are often limited to few quantities, such as wall pressure and wall heat flux. On the other hand, numerical methods suffer from uncertainties related to geometrical modeling, boundary conditions, turbulence closure, and the role of finite-rate kinetics. To understand such complex processes, large-eddy simulation (LES) can serve as a promising approach for predictive analysis. Past studies of stable and unstable combustion in model rocket combustors demonstrated that LES can predict the features of thermo-acoustic instabilities, albeit with some quantitative differences, 4-6, 9-11 which are often attributed to the aforementioned uncertainties. In particular, the role of chemical kinetics is very crucial under low-temperature conditions, which are observed near the combustion chamber walls. The presence of unburnt fuel near the wall may lead to reactions if the activation energy is low, thus causing an abrupt increase in the wall heat flux. This combined with the thermal boundary condition of the chamber walls can affect the overall heat load characteristics. Therefore, a comprehensive validation of LES results employing different chemical kinetics and thermal boundary conditions against the measured experimental data is important to characterize their effects on the reacting flow features so that the LES predictions can be considered reliable for design analysis.
Past numerical investigation of the TUM rig at two operating conditions corresponding to two oxygen to fuel mixture ratios has shown promising results where the stable combustion was predicted in agreement with the experimental observations. 12 The study employed a globally reduced 2-step and 6-species finiterate chemical kinetics, 13 which has been used in previous LES studies of model rocket combustors 6, 14, 15 and showed good agreement with the wall pressure distribution. However, some discrepancies were also observed in comparison to experiments due to the use of a simplified chemistry and adiabatic thermal conditions on the chamber wall. The objective of the present study is to analyze the effects of finite-rate kinetics and different types of thermal boundary conditions on the reacting flow features and the flame structure.
This article is arranged as follows. Section II describes the experimental setup and the computational model considered in the present study. The details of numerical methodology and computational assessment is presented in Section III. Results are discussed in Section IV in terms of instantaneous and time-averaged reacting flow features, flame structures, and comparisons with the experimental data. Finally, the outcomes of this study are summarized in Section V. and is designed to analyze the heat transfer characteristics within a typical rocket combustion chamber so that comprehensively measured data can be provided for computational validations and model development. The rig comprises of a gaseous chamber, which employs a modular heat sink to investigate heat transfer mechanism and its effect on the flame dynamics. The length of the chamber is L = 290 mm, and its cross section is square with the length of the side being H = 12 mm. Hereafter, we use H as a characteristic length scale for non-dimensionalization. The contraction ratio of the test rig is 2.5 and different operating pressures can be realized, ranging from 20 bar to 100 bar. The coaxial injectors have an internal diameter of 4 mm and 5 mm, respectively, for the oxidizer and the fuel. At the fuel inlet, the mass flow rate of the gaseous methane (GCH 4 ) is specified asṁ f = 0.0017 kg/s, whereas at the central injector, the mass flow rate of the gaseous oxidizer (GOX) is specified asṁ O2 = 0.0045 kg/s. The inlet temperature of fuel and oxidizer is 269 K and 278 K, respectively. For the present study, the operating point corresponding to a nominal combustion chamber pressure of P c = 2 MPa and oxidizer to fuel ratio of 2.6 is considered. The experimental setup allows measuring wall pressure and wall heat flux by the mounted pressure transducers and thermocouples. Further details of the experimental setup can be found elsewhere.
II. Problem Description and Details of Computational Setup
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Figure 1(b) shows a schematic of the computational setup. The domain comprises of truncated coaxial injectors flushed to the combustion chamber of a square cross section ending with a choked outlet. An auxiliary simulation of the truncated part of the coaxial injectors is performed to obtain the profiles of several flow field variables at x/H = −0.25, where x/H = 0 is the location of the faceplate (dump plane). Figure 2 shows the radial profiles of the axial mass flux and temperature fields, which are specified at the inflow boundaries. The inflow boundary condition is modeled using a non-reflective constant mass characteristic boundary condition formulation 16 with a specified profile of the mass flux, temperature, subgrid turbulent kinetic energy, and specified values of the species mass fraction. The outflow is choked through the nozzle and therefore, relatively simpler supersonic conditions is employed at the nozzle exit. The chamber walls are considered to be no-slip and two different thermal boundary conditions are used on the chamber walls, namely a temperature profile obtained from experiments and an adiabatic condition. The other walls of the computational setup are considered to be adiabatic. In the present study finite-rate kinetics is employed within the LES framework. We consider three different chemical mechanisms with increasing degree of fidelity and level of complexity to assess the effects of chemical kinetics on the reacting flow features. These mechanism include, a globally reduced 2-step and 6-species BFER mechanism, 13 which has been used in the past studies of high-pressure shear coaxial rocket combustors, 6, 14 a moderately complex 4-step and 8-species Peters mechanism, 17 and a skeletal 98-step and 21-species mechanism from DLR Stuttgart 18 specifically designed for the conditions of the TUM rig, which is referred here onwards as the Slavinskaya mechanism. Since we consider two types of thermal boundary conditions on the combustion chamber walls, therefore, a total of six cases are simulated in the present study. These cases are labeled as 'C (k) ', where 'C' indicates the type of mechanism, which can be 'B', 'P' and 'S' corresponding to the BFER, Peters and Slavinskaya mechanisms, respectively, and 'k' denote the type of thermal conditions, which can be 'tp' and 'ad' corresponding to the specified temperature profile and adiabatic conditions, respectively.
III. Numerical Methodology and Computational Assessment
The numerical methodology adopted in the present study is based on the well-established, second-order accurate (in both space and time) finite-volume solver for the unsteady Favre-filtered multi-species compressible Navier-Stokes equations. 19 A hybrid scheme, which switches between a second-order-accurate central scheme and a third-order-accurate MUSCL (Monotone Upstream-centered Schemes for Conservation Laws) scheme 20 is employed. A localized dynamic switch based on pressure and density gradients determines the spatial discretization scheme to use locally. 20, 21 Past studies have shown that the hybrid approach can capture regions of high gradients (as in shocks or thin shear layers between fuel and oxidizer) and also regions of turbulent fluctuations away from these strong gradients accurately. [19] [20] [21] The subgrid-scale (SGS) momentum and energy fluxes are closed using a subgrid eddy viscosity model, which is obtained using the local grid filter ∆ and the subgrid kinetic energy k sgs for which an additional transport equation is solved. The localized dynamic evaluation is used to obtain all the model coefficients. 19, 22 The subgrid turbulencechemistry interaction is based on the quasi-laminar formulation for the filtered reaction rate, 23 which is also considered as a no-closure model for turbulent combustion. The thermodynamic properties are calculated using the thermally-perfect equation of state and power-law models are used for calculation of transport properties.
6 Details of the LES equations, numerical method, and these closures are presented in several of the cited articles and therefore avoided here, for brevity. 
Mechanism
T Since we use finite-rate kinetics formulation within LES, we assess the predictive abilities of the three different chemical kinetics considered in this study. Table 1 summarizes the adiabatic flame temperature (T ad ) and laminar flame speed (S L ) for the three chemical kinetics and compare the predictions with those obtained using the detailed GRI mechanism. 24 The flame properties are obtained at an equivalence ratio of 1.0 for methane/oxygen combustion at a reference temperature of 300 K and pressure of 1.85 MPa. The percentage error reported in Table 1 considers GRI mechanism's predictions as a reference. We can observe that while BFER and Peters mechanisms over-predict T ad by about 17% and 5%, respectively, the Slavinskaya mechanism shows an excellent agreement with the GRI mechanism predictions. The value of S L predicted by the Slavinskaya mechanism is also in excellent agreement with the GRI mechanism. However, BFER and Peters mechanisms under-and over-predict the flame speed by about 41% and 18%, respectively. The over-prediction of the adiabatic flame temperature manifests itself into a higher peak temperature within the combustion chamber as discussed in Section IV, which in turn also affects the prediction of the axial variation of the chamber wall pressure. Next, we examine the instantaneous and time-averaged reacting flow features to assess the effects of chemical kinetics and thermal conditions. The time-averaged results are obtained by performing averaging for about 5 flow through times after the reacting flow reaches a quasi-stationary state, which is measured by monitoring the pressure variation at several locations within the combustion chamber. Here, the flow through time is based on the bulk velocity immediately after the faceplate, and the length of the combustion chamber.
IV. Results and Discussion
In this section, we analyze the instantaneous and time-averaged reacting flow features, and quantify the differences between the cases in terms of radial variation of several quantities at different axial locations, and some global metrics. The results are also compared with the experimental data for the axial variation of the time-averaged wall pressure and wall heat flux. Figure 4 . Instantaneous vortical structures identified using the Q-criterion and contours of the temperature field in the symmetry plane for Case Stp. The iso-surface of Q is colored by the flame index and the symmetry plane is shifted in the y-direction for clarity. Figure 4 shows the instantaneous flow and flame structures for Case S tp . The oxidizer and fuel enter the combustion chamber through the central and coaxial inlets, respectively, leading to the formation of a shear layer, typical of a shear coaxial injection system. A recirculating zone is formed between the oxidizer and fuel exits, which comprises of hot products as observed in the instantaneous temperature contours shown in the symmetry plane. This leads to the formation of a diffusion flame at the post tip, which evolves further downstream. The vortical structures near the faceplate or the dump plane show a coherent pattern, which breaks down into small-scale structures further downstream as the shear layer evolves. As expected, the primary mode of burning is non-premixed, which is identified by the flame index (discussed below). The wrinkling of the flame structure due to turbulent fluctuations generated within the shear layer region is evident from the contours of the temperature field in the symmetry plane, which leads to spreading of the flame in the transverse and spanwise directions.
IV.A. Instantaneous and Time-Averaged Flow Field
The instantaneous and time-averaged contours of the axial velocity field are shown in Figure 5 in the symmetry plane for Case S tp . Qualitatively, all the cases show similar flow features and therefore, we only show results for Case S tp . We can observe the presence of a central jet-like flow in the core of the combustion chamber, shear layers originating at the dump plane near the injectors exit, corner recirculation zone, and a recirculation zone attached to the post-tip and lying between the oxidizer and fuel streams. The timeaveraged contours overlaid with time-averaged streamlines show the presence of a large corner recirculation zone resulting from the sudden expansion of the flow entering the combustor. The instantaneous flow shows the spatial evolution of the shear layer, which grows in the transverse direction and leads to small-scale structures, which are also observed in Figure 4 . The difference in the mean flow features predictions by the six cases is quantified in terms of the recirculation length of the corner recirculation zone, which is denoted by x r and defined as the location on the wall measured from the faceplate where the wall shear stress changes sign. The normalized value of the reattachment length, i.e., x r /H is summarized in Table 2 , which is about 1.3 for all the cases, thus demonstrating no sensitivity to the employed chemical kinetics or the thermal boundary conditions. Figure 6 shows contours of instantaneous and time-averaged temperature field in the symmetry plane for all the cases. The time-averaged contours also include an isoline of the stoichiometric mixture fraction, i.e., z = z st , where z is the mixture fraction defined as:
Here, s denotes the stoichiometric mass ratio. Similar to the spatial variation of the axial velocity field, the temperature field is qualitatively similar in all the cases. A key feature to notice is the presence of a hot recirculating zone comprising of hot products near the post-tip region, which anchors the diffusion flame and leads to a continuous development of diffusion flame in the axial direction. In the region close to the dump plane, the flame is compact in the transverse direction, however, further downstream due to the growth of shear layer and presence of small-scale turbulent fluctuations, we can observe wrinkling and spreading of the flame. Another key feature to observe is the presence of a hot corner recirculating zone, which also helps in sustaining combustion within the shear layer. After the flow reattachment, a thermal boundary layer forms in the near-wall region, which is comparatively colder and as discussed below, it comprises of unburnt fuel. Compared, to the spatial variation of the velocity field, we can clearly observe the effects of chemical kinetics on the spatial variation of the temperature field. In particular, the maximum value of temperature differs for the three chemical kinetics, which also affects the peak value of the pressure. However, the effect of thermal boundary condition appears to be minimal.
The effects of chemical kinetics and thermal boundary conditions on the reactive flow features are further assessed by comparing radial profiles of the axial velocity and temperature at three axial locations, namely x/H = 0.83, 8.33 and 12.5, which are shown in Figure 7 . At x/H = 0.83, the profile of axial velocity shows the presence of two axial jets corresponding to the flow emanating from the oxidizer and fuel injectors, and indicates the onset of the shear-layer. Further downstream, due to the growth of the shear layer in the transverse direction and heat-release due to combustion, we observe a distinct peak of the axial velocity. The temperature field also shows a similar variation, where a narrow peak at x/H = 0.83 due to combustion becomes wider in the transverse direction due to the growth of the shear layer. The effects of chemical kinetics on the velocity and temperature field are apparent at all the axial locations. However, the effects of thermal boundary condition are small, where the maximum space-local difference, for example, is about 2% and 4% in the predicted values of axial velocity and temperature between Case S tp and Case S ad .
To further quantify the differences among the six cases, we compare some global quantities such as the flame length (x f ), the flame spreading parameter (y s ), the maximum time-averaged temperature (T max ), wall pressure (P ref ) and wall heat flux (q w ). Here, the flame length x f is defined as the nearest location on the symmetry axis measured from the dump plane at which 50% of the maximum temperature is reached. The flame spreading parameter y s is defined as the distance from the symmetry axis at x/H = 1.67 in the radial direction, at which maximum temperature is observed. These quantities are summarized in Table 2 . The flame length is longest in Case S ad and shortest in Case P tp , with an overall difference of about 20%. As noted before, the effect of thermal boundary conditions is very small on the prediction of flame length. The flame spreading is nearly the same in all the cases with y s /H = 0.25. Note that the flame spreading parameter is dependent upon the spatial evolution of the shear layer, which is qualitatively similar in all cases as observed in Figure 5 . Figure 8 shows contours of the instantaneous and time-averaged mixture fraction (z) in the symmetry plane for all the cases. Overall, the spatial variation of the mixture fraction is similar in all the cases, and it resembles spatial variation of the temperature field shown in Figure 6 . However, there are noticeable differences, particularly between Case B tp/ad and Case S tp/ad . In all the cases, there is an accumulation of the unburnt fuel in the near-wall region, leading to the formation of a thin cold layer near the chamber walls. The thickness of this layer containing cold unburnt fuel differs across cases. Compared to Case B tp/ad , the accumulation of unburnt fuels in the near-wall region reduces in Case S tp/ad . Now, we analyze the flame structure in terms of the spatial variation of the flame index (FI) and the heatrelease-rate (HRR). FI identifies the burning mode and is defined as:
IV.B. Instantaneous and Time-Averaged Flame Features
where Y F and Y Ox denote the mass fractions of fuel and oxidizer, respectively, andω F is the filtered reaction rate of the fuel. Note that the definition of FI is essentially a product of the classical Takeno index and the reaction rate of the fuel, therefore, a non-zero value of FI corresponds to the actual reacting regions in the combustion device. A positive value of FI indicates a premixed mode of burning, whereas a negative value indicates a non-premixed (diffusion) mode of burning. Figure 9 shows instantaneous contours of FI and time-averaged contours of HRR in the symmetry plane for all the cases. As expected, the flame anchoring occurs at the post tip in a non-premixed manner and evolves further in the axial direction. However, the shear-layer induced mixing also leads to premixed mode burning, adjacent to the non-premixed mode burning. At some locations, we can observe the classical triple flame structure in all the cases, where the diffusion flame is embedded within two branches of the premixed flames, with the one being a fuel-rich branch and the other being a fuel-lean branch. 26 The effects of chemical kinetics are evident in terms of a broader reacting shear layer in Case S tp/ad compared to the other cases, which leads to smaller thickness of the cold unburnt fuel in the near-wall region as observed in Figure 8 . This is further evident from the spatial variation of the time-averaged HRR, where we can notice a longer and wider region of higher values of HRR, which manifests into a longer flame length, as shown in Table 2 . A unique flame structure can be observed in Case S tp/ad , where an additional diffusion flame and a premixed flame form between the fuel injector tip and the corner recirculation zone. Note that in this branch of the diffusion flame, z = z st , which clearly demonstrate a finite-rate kinetics effect, and can only be predicted by LES employing finite-rate kinetics. Another aspect of the flame structure described here is the need to have a robust burning-mode independent closure for subgrid-scale turbulence-chemistry interaction, due to the presence of premixed, non-premixed and partially premixed modes of burning. Future studies will assess the effects of subgrid-scale turbulence-chemistry interactions on the prediction of the flame structure by employing the linear eddy mixing model within LES. Figure 10 compares the radial profiles of the time-averaged mixture fraction and HRR at three axial locations, considered in Figure 7 . The spatial evolution of the radial profiles is typical of a shear coaxial system. In the vicinity of the dump plane, we observe the onset of the shear layer, which diffuses in the transverse direction as the shear layer grows at downstream locations. The peak of the heat release rate is observed in the shear layer, which also diffuses along the transverse direction at downstream axial locations.
The effect of chemical kinetics is evident in the radial profiles of mixture fraction and HRR at all the three locations. The effect of thermal boundary conditions is mainly observed in the cases employing the Slavinskaya kinetics. Table 2 .
IV.C. Axial Variation of Wall Pressure and Heat Flux
Now, we compare the results obtained from LES with the experimental data for the axial variation of wall pressure and heat flux. Figure 11(a) shows the axial variation of the time-averaged wall pressure. The experimental data shows an increase of pressure close to the dump plane, which is followed by a decrease of the chamber pressure at a nearly constant rate. All the cases are able to predict the axial variation of the pressure, albeit with a different reference pressure level. The effect of chemical kinetics is clearly evident in the predictions by the three cases. As mentioned before, the maximum temperature differs across the cases due to chemical kinetics, which leads to differences observed in the pressure variation. The effect of thermal boundary condition is apparent in the cases employing the Slavinskaya kinetics. To assess the axial variation of the pressure field in a better way, the pressure profile is normalized with P ref provided in Table 2 . Here, P ref is the value of the pressure at x/H = 22.71. The normalized pressure shows a reasonable agreement with the experimental data and shows a stronger decrease in the first half of the combustion chamber due to thermal expansion. In the later half of the combustion chamber, the pressure gradually decreases at a slower rate, reaching a nearly uniform value, which is also observed in the experimental data. Figure 12 shows the axial variation of the wall heat flux in the symmetry plane and at the corner of the chamber in comparison to the experimental data. The qualitative variation of the LES results is similar to the experimental data, where we can observe a peak in the wall heat flux, downstream of the dump plane at about x/H = 1.3, which corresponds to the location of the reattachment. Such an increase in the wall heat flux near the reattachment location is a characteristic feature of separating/reattaching flows, [28] [29] [30] and have also been observed in past LES studies of wall heat transfer variation in rocket combustors. 21, 31, 32 Beyond the reattachment location, the wall heat flux decreases till x/H ≈ 3, and afterward increases gradually before reaching a constant value towards the exit of the combustion chamber. The maximum heat load occurs at the downstream location in the experiment, which is 5.33 MW/m 2 . In the LES results the maximum heat load also occurs at the most downstream location in the symmetry plane, whereas it occurs at x/H ≈ 11 in the axial profile along the corner. The heat load at x/H = 22.71 in the corner is about 20%, 40% and 16% higher than the corresponding heat load at the center in Case B tp , Case P tp and Case S tp , respectively, which implies that the thermal boundary layer is thinner near the corner compared to the symmetry plane. This is also observed in the flame structure on the cross-sectional planes (not shown here), where the hightemperature regions extend towards the four corners of the chamber and near the center of the chamber cold unburnt fuel is present (as observed in Figure 6 ). Table 2 compares the value of the heat load at x/H = 22.71 for all the cases. Quantitatively, LES results under-predicts the wall heat flux, which can be attributed to a coarse near-wall grid resolution, which affects the behavior of the thermal boundary layer. Note that in the present study no near-wall model for turbulence is used and further investigations will examine the effects of near-wall grid resolution and use of a wall model for turbulence.
V. Conclusions
LES based study of a single element, shear coaxial, high-pressure rocket combustor is performed to characterize the effects of chemical kinetics and thermal boundary conditions on the reactive flow features. Three mechanisms of increasing level of complexity and two types of thermal boundary conditions on the combustion chamber wall are considered, leading to six cases. The reacting flow is analyzed in terms of both instantaneous and time-averaged reacting flow features. The effects of different chemical kinetics are clearly noticeable, as the three mechanisms considered in this study differ in the prediction of the adiabatic flame temperature and the laminar flame speed. Due to the difference in the peak temperature as a result of combustion, the mean flow shows quantitative differences with similar qualitative features. The effects of thermal boundary condition tend to be marginal on the reacting flow features in all the cases except the cases employing Slavinskaya mechanism.
The flame anchoring is primarily of non-premixed type, which occurs at the post-tip and a spatially evolving non-premixed flame is observed, which gets perturbed due to turbulent small-scales and spreads in the transverse direction due to growth of the shear layer. Premixed flame is also observed adjacent to the non-premixed flame, with an occasional appearance of a local triple flame structure. The effect of chemical kinetics is particularly observed with the Slavinskaya mechanism, where an additional non-premixed flame is observed in between the fuel injector exit and the corner recirculation region, where burning occurs at a non-stoichiometric ratio, indicating a finite rate kinetics effect. Similar to the reacting flow features, the effects of thermal boundary condition on the flame features are apparent in the cases employing Slavinskaya mechanism, with other cases demonstrating only minor variations.
The comparison of axial variation of the wall pressure and heat flux with the experimental data shows that qualitatively all the cases are able to capture the axial variation, but there are noticeable quantitative differences. In particular, the reference pressure predicted by the three chemical kinetics differs, which leads to an offset around the experimental data. The variation of the normalized pressure, where the normalization is performed with respect to the pressure at a downstream location shows better agreement with the experimental data. In all the cases the wall heat flux is under-predicted, which can be attributed to the use of a coarse near-wall grid resolution and no near-wall model for turbulence. These effects will be examined further in future studies.
